Schizophrenia is thought to result from interactions between susceptible genotypes and environmental risk factors. DISC1 is an important gene for schizophrenia and mood disorders based on both human and animal studies. In the present study we sought to investigate interactions between two distinct point mutations in the mouse Disc1 gene (L100P and Q31L) and maternal immune activation (MIA) during pregnancy with polyinosinic:polycytidylic acid (polyI:C). PolyI:C given at 5 mg/kg impaired cognitive and social behavior in both wild-type (WT) and Disc1-Q31L ϩ/Ϫ offspring, and reduced prepulse inhibition at 16 but not 8 weeks of age. Disc1-L100P ϩ/Ϫ mutants were more sensitive to MIA than WT or Disc1-Q31L ϩ/Ϫ mice. Interleukin-6 (IL-6) is a critical cytokine for mediating the behavioral and transcriptional effects of polyI:C. We found a more pronounced increase of IL-6 in response to polyI:C in fetal brain in Disc1-L100P ϩ/Ϫ mice compared with WT or Disc1-Q31L ϩ/Ϫ mice. Coadministration of an anti-IL-6 antibody with polyI:C reversed schizophrenia-related behavioral phenotypes in Disc1-L100P ϩ/Ϫ mice. In summary, we found specific interactions between discrete genetic (Disc1-L100P ϩ/Ϫ ) and environmental factors (MIA) that exacerbate schizophrenia-related phenotypes. IL-6 may be important in the pathophysiology of this interaction.
Introduction
It is widely acknowledged that genes and environmental factors act together to increase the risk of neuropsychiatric disorders, including schizophrenia. An interaction between a susceptibility gene and infection could be shown by a differential effect of prenatal infection on the risk of developing schizophrenia, depending on genotype. A recent study found that prenatal exposure to pyelonephritis results in a fivefold increase in the risk of schizophrenia among individuals with a family history of psychosis compared with those with no family history (Clarke et al., 2009) . If all types of infections during pregnancy are considered, approximately one-third of schizophrenia cases could be attributed to prenatal infection (Brown and Derkits, 2010) .
Maternal infection during pregnancy is relatively common (Longman and Johnson, 2007) but not all offspring of infected mothers develop schizophrenia (Selten et al., 2010) , suggesting that maternal immune activation (MIA) must interact with genes to produce psychiatric illness. Although a considerable number of vulnerability genes for schizophrenia have been identified, only a few have been replicated (Harrison and Weinberger, 2005; Riley and Kendler, 2006) . Disrupted-In-Schizophrenia-1 (DISC1) is a prominent schizophrenia susceptibility gene, which regulates progenitor cell proliferation, migration, and differentiation (Chubb et al., 2008; Brandon and Sawa, 2011) . Recent studies have shown interactions between MIA and DISC1, using transgenic mice expressing a dominant-negative DISC1 (DN-DISC1) (Ibi et al., 2010 ) and a mouse model with inducible expression of mutant human DISC1 (mhDISC1) (Abazyan et al., 2010) . MIA triggered behavioral and cellular alterations related to schizophrenia in adult DN-DISC1 offspring without effect on WT mice (Ibi et al., 2010; . The combination of MIA with postnatal expression of hmDISC1 resulted in anxiousdepressive phenotypes (Abazyan et al., 2010) . Although these two studies used different approaches to MIA and different DISC1 modifications, they illustrate the interactions between DISC1 and the maternal immune system during development.
We had created point mutant mouse lines, Disc1-L100P and Disc1-Q31L (Clapcote et al., 2007 ) that showed schizophrenia-or depression-related phenotypes, respectively (Lipina et al., , 2012 2013a; . For both Disc1 mutations, the heterozygous mutants had very mild behavioral alterations (Clapcote et al., 2007) . Thus, we hypothesized that the combina-tion of MIA with a single copy of a Disc1 mutation would be a useful model of gene ϫ environment interactions in psychiatric disease. More specifically, we predicted that because MIA is a strong epidemiological risk factor for schizophrenia but not depression, ϩ/Ϫ mutants would be more sensitive to effects of MIA.
Therefore, we applied MIA to heterozygous Disc1 mutant females on gestational day 9 (GD9) according to the literature (Meyer et al., 2005) and assessed behavior in adult offspring. Indeed, the Disc1-L100P, but not Disc1-Q31L, mutation increases sensitivity to MIA and exacerbates schizophrenia-related behavior. Finally, given that interleukin-6 (IL-6) was identified as a key cytokine for mediating the behavioral and transcriptional alterations in polyinosinic:polycytidylic acid (polyI:C)-treated offspring, we investigated whether anti-IL-6 antibody could block the effects of polyI:C in Disc1-L100P mice, similar to a previous study (Smith et al., 2007) .
Materials and Methods

Animals. Disc1-L100P and Disc1-Q31L heterozygous mice (Disc1-L100P
ϩ/Ϫ and Disc1-Q31L ϩ/Ϫ , respectively) and their wild-type (WT) littermates were used throughout the study. The generation of the Disc1 mutant mice has been described previously (Clapcote et al., 2007) . The mice used in the current experiments had been backcrossed for six to eight generations on a C57BL/6J background. Littermates (males and females) were generated by cross-breeding of WT, Disc1-L100P ϩ/Ϫ , or Disc1-Q31L ϩ/Ϫ female mice with C57BL/6J male mice. All animals were housed five per cage under controlled temperature (21 Ϯ 1°C), lighting (lights on: 7:00 A.M.-7:00 P.M.), and humidity (50 -60%) with food ad libitum (Purina mouse chow). All animal procedures were approved by the Animal Management Committee of Mount Sinai Hospital and conducted in accordance with the requirements of the Province of Ontario Animals for Research Act 1971 and the Canadian Council on Animal Care.
For the purpose of the MIA during pregnancy, pregnant females received either a single injection of polyI:C (2.5 mg/kg or 5 mg/kg) or PBS (sterile pyrogen-free PBS, 0.9% NaCl) on GD9 (Meyer et al., 2005) . Two different doses of polyI:C were chosen based on the literature (Meyer et al., 2005; Vuillermot et al., 2012 ) and our findings as described below.
PolyI:C injection. PolyI:C (potassium salt) (Sigma-Aldrich) was dissolved in PBS. The dosage was calculated based on the pure form. Intravenous tail vein injections were performed under mild physical constraint. All solutions were freshly prepared on the day of administration and injected at a volume of 5 ml/kg.
Measurement of IL-6 levels. Pregnant females were given injections of PBS or polyI:C (2.5 mg/kg or 5.0 mg/kg) on GD 9 and were killed by cervical dislocation 6 h after the treatment. The uterus was removed, washed out, and transferred to a Petri dish with ice-cold PBS. Each fetus was individually extracted and the separated fetal head was rapidly placed in liquid nitrogen and stored at Ϫ80°C until analysis. Fetal brain samples were placed in radioimmunoprecipitation assay lysis buffer (Santa Cruz Biotechnology) containing Tris-buffered saline, 1% Nonider P-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.004% sodium azide, PMSF, sodium-orthovanadate, and protease inhibitor mixture (Sigma), followed by centrifugation at 12,000 rpm for 20 min at 4°C. The IL-6 level was assessed by ELISA (R&D Systems), according to the manufacturer' instructions. The FLUOstar Optima reader (BMG Labtech) was used to determine the concentration of IL-6. The data were normalized to protein concentration in the sample, as determined by Bradford assay (Protein Assay; Bio-Rad).
Cytokine blocking: experimental groups. Mice (WT, Disc1-L100P ϩ/Ϫ ) were given intravenous tail injections of 2.5 mg/kg polyI:C freshly dissolved in PBS. Some of the mice were given coinjections of 100 g of cytokine-neutralizing antibody targeted against IL-6 (anti-IL-6; rat IgG1; R&D Systems), freshly dissolved in 200 l PBS (Smith et al., 2007) . Control mice were given injections of 200 l of PBS.
Four groups of mice were generated for Experiment 1: (1) PBS-treated WT (PBS/WT), (2) polyI:C 5 mg/kg-treated WT (Poly-5/WT), (3) PBS-
, and (4) polyI:C 5 mg/ kg-treated Disc1-Q31L ϩ/Ϫ (Poly-5/Disc1-Q31L ϩ/Ϫ ). Another four groups were used in Experiment 2: (1) PBS-treated WT (PBS/WT), (2) polyI:C 2.5 mg/kg-treated WT (Poly-2.5/WT), (3) PBS-treated Disc1-L100P ϩ/Ϫ (PBS/Disc1-L100P ϩ/Ϫ ), and (4) polyI:C 2.5 mg/kg-treated Disc1-L100P ϩ/Ϫ (Poly-2.5/Disc1-L100P ϩ/Ϫ ). Six experimental groups were used in Experiment 3: (1) PBS-treated WT (PBS/WT), (2) polyI:C 2.5 mg/kg-treated WT (Poly-2.5/WT), (3) anti-IL-6 ϩ polyI:C 2.5 mg/kgtreated WT (anti-IL-6 ϩ Poly-2.5/WT), (4) PBS-treated Disc1-L100P
), and (6) anti-IL-6 ϩ polyI:C 2.5 mg/kg-treated Disc1-L100P ϩ/Ϫ (anti-IL-6 ϩ Poly-2.5/Disc1-L100P
). Behavioral studies. Behavioral tests were done between 9:00 A.M. and 4:00 P.M. The behavioral experiments started when the mice were 7-8 weeks of age for Experiment 1, and at 14 -15 weeks of age for Experiments 2-3 due to the prepulse inhibition (PPI) findings obtained in Experiment 1. Tests were conducted in the following order: elevated plus-maze (EPM), open field (OF), PPI of the acoustic startle response (ASR), object recognition, social affiliation/recognition, forced swim test (FST), and latent inhibition (LI). There was a 3-5 d interval between tests. Before all experiments, mice were left undisturbed in the testing room for 30 min to allow acclimation. In the LI experiment, water deprivation was initiated 24 h before the training period and continued throughout the experiment. Water access was limited and was monitored by measuring weight loss. Mice had additional daily access to water for 1 h in their home cages after the experiment. Only male mice were used in the social affiliation/ recognition test. The behavioral equipment was cleaned with 70% ethanol between mice to remove residual odors.
EPM. The test apparatus was made as previously described (Clapcote et al., 2007) . The maze consisted of two open arms (25 ϫ 5 cm), two enclosed arms (25 ϫ 5 ϫ 30 cm), and a central platform (5 ϫ 5 cm) arranged so that similar arms were opposite each other and at right angles to dissimilar arms. The arms and the floor were constructed from opaque Plexiglas material and were elevated 50 cm above the floor. Experiments were conducted in a dimly lit room with 210 lux light intensity on the central platform. The apparatus was cleaned with 70% ethanol between subjects. Each mouse was placed in the center of the maze (5 ϫ 5 cm) facing the closed arm. During a 5 min observation period, the following parameters were recorded: (1) the amount of time spent in open arm, closed arm, and the central platform, expressed as a percentage of total time; (2) total number of entries (defined as four paws into an arm); (3) number of passages from one enclosed arm to another; (4) number of head dips; and (5) number of risk assessments (defined as a mouse located primarily within the closed arm, but with the nose poking out of the arm and apparently scanning the open space for threats), were scored by the observer.
OF. Each mouse was placed in the middle of a directly illuminated (120 lux) automated activity cage (41 cm ϫ 41 cm ϫ 33 cm 3 ) (model 7420/ 7430; Ugo Basile) and horizontal and vertical activity was measured for 30 min. The arena was cleaned with 70% ethanol between mice.
PPI of ASR. PPI was conducted using four sound-attenuated chambers (ENV-022 s; MED Associates), as previously described (Clapcote et al., 2007; . Pulse-alone trials consisted of a single white noise burst (120 dB, 40 ms). Prepulse ϩ pulse trials (PP69P, PP73P, PP81P) consisted of a prepulse of noise (20 ms at 69, 73, and 81 dB, respectively) followed 100 ms after prepulse onset by a startle pulse. No-stimulus trials consisted of background noise only (65 dB). Sessions were structured as follows: (1) 15 min acclimation at background noise level; (2) 10 pulse trials; (3) 10 blocks each containing all five trials (pulse, PP69P, PP73P, PP81P, No-stimulus) in pseudorandom order; and (4) 10 pulse trials. The force intensity for each trial was recorded as the startle level. The percentage PPI induced by each prepulse intensity was calculated as [1 Ϫ (startle amplitude on prepulse trial)/(startle amplitude on pulse alone)]*100%.
Object recognition. The spatial discrimination task was performed as previously described (Lipina et al., 2013b) in a transparent Plexiglas OF (41 ϫ 41 ϫ 31 cm 3 ). The procedure consisted of three sessions, habituation to objects, test session 1, and test session 2, with 2 min intervals, during which mice were returned to their home cage. Habituation con-sisted of four identical plastic objects (100 ml beaker) flipped and placed in specific positions near each corner of the OF (5 cm from corner walls). A mouse was released into the center of the arena and time spent actively exploring the objects, usually by sniffing within 1 cm, was recorded for 15 min using Observer 5.0 software (Noldus Information Technology). Next, the mouse was returned to the home cage and the four objects were reconfigured into a polygon-shaped pattern by moving two displaced objects (DOs) to the center. The remaining two nondisplaced objects (NDO) were left at the same location. After 2 min, a mouse was placed in the center of the OF and time of exploration of the DOs and NDOs were recorded for 5 min (test session 1) and expressed as a percentage of the total time spent investigating all objects. Afterward, the tested mouse was returned to the home cage for 2 min. During this interval one of the familiar NDOs was replaced by new object (NO) (Rubik's cube; 7.62 ϫ 7.62 ϫ 7.62 cm 3 ) in the same location and other two DOs were removed. The mouse was returned to the center of the arena for 5 min (test session 2). Time spent exploring the familiar object (FO) and NO were assessed and expressed as a percentage of the total time spent exploring objects. Objects and the tested apparatus were cleaned by 70% ethanol between mice.
Social affiliation/recognition. The social behavior in this task was measured as previously described (Clapcote et al., 2007) , using a threechambered box. The test mouse was placed in the center chamber with access to the two side chambers. These side chambers contain mesh cylinders that are either empty or have another mouse inside. At the beginning of each experimental session, the test mouse was placed in the central chamber and was allowed to freely explore for 5 min. Next, an unfamiliar mouse (male C57BL/6J; "stranger 1") was placed inside a cylinder in one of the side chambers. The time spent by the test mouse in each outer chamber was recorded over a 10 min period, to measure general social interest (session 1). Another unfamiliar mouse (male C57BL/6J; "stranger 2") was then placed inside an identical cylinder in the opposite side chamber, and the activity of the test mouse was likewise recorded for a further 10 min, to evaluate social novelty (session 2). The amount of time spent near each cylinder and the number of entries into each chamber were scored using Observer 5.0. The apparatus was cleaned with 70% ethanol between mice.
FST. The protocol was performed as previously described (Clapcote et al., 2007) . Each mouse was released into a transparent plastic cylinder (25 cm height ϫ 18 cm diameter), which contained water at 25°C. The experiment lasted 6 min, and an observer scored the floating (no limb movement and making only minimal movements to keep the head above the water) in the last 4 min of the trial using the Observer 5.0 software. Each mouse was allowed to dry after the test, and the water was changed between subjects. Data are expressed as a time of floating (seconds).
LI. This was measured in three conditioning chambers (Med Associates) each enclosed in a melamine, sound-attenuating chamber (ENV-022M) as previously described (Clapcote et al., 2007; . All events were programmed by MED-PC software. The chambers were cleaned with 70% ethanol between sessions. Before the beginning of each LI experiment, water was removed from the cages for 24 h and mice were then trained to drink in the experimental chamber for 5 d, 15 min per day (pretraining session). On each daily pretraining session, mice were acclimated to the chamber without access to the sipper tube for 5 min; then the guillotine door was opened. Latency to the first lick and number of licks were recorded for 15 min. During pre-exposure and conditioning, access to the bottle was prevented by a guillotine door. The LI procedure was conducted on days 6 -9 and consisted of pre-exposure, conditioning, lick retraining, and test sessions. Pre-exposure: the pre-exposed (PE) mice received 40, 85 dB-white noise presentations with an interstimulus interval of 60 s. The nonpre-exposed (NPE) mice were confined to the chamber for an identical period of time without receiving the stimuli. Conditioning: all mice received fear conditioning to the noise stimulus on that day. Two noise-shock pairings were used to produce LI. Five minutes after the beginning of the session, a 10 s white noise was followed by a 1 s 0.37 mA foot shock. The noise-shock pairings were given 5 min apart and after the last pairing, mice were left in the experimental chamber for an additional 5 min. During the test session each mouse was placed in the chamber and when the mouse completed 75 licks, the noise was presented and lasted until the mouse reached lick 101. Time to first lick, time to complete licks 50 -75 (before noise onset: "A" period), and time to complete licks 76 -101 (after noise onset: "B" period) were recorded. The degree of lick suppression was calculated as a the ratio A/(A ϩ B). A lower suppression score indicates a stronger suppression of drinking. LI consists of lower suppression of drinking (higher suppression ratio) in the PE compared with the NPE mice.
Data analysis. Statistical analyses were completed using Statistica (Statsoft 5.5). Behavioral data were analyzed using ANOVA with polyI:C, genotype and sex as between-subject variables. PPI and motor activity in the OF were analyzed by three-way ANOVAs with repeated measures (prepulse intensities and time intervals). No statistical analyses detected significant sex effects. Therefore, data were combined between sexes. The IL-6 data were analyzed using ANOVA with polyI:C and genotype as between-subject variables. The significant main effects or interactions were followed by Fisher's LSD post hoc comparisons. The significance level used was p Ͻ 0.05.
Results
Experiment 1
Effects of MIA by polyI:C at 5 mg/kg on number of litters and offspring ANOVA detected a significant effect of polyI:C treatment (F (1,24) ϭ 36; p Ͻ 0.001), genotype (F (2,24) ϭ 21; p Ͻ 0.001), and their interactions (F (2,24) ϭ 21; p Ͻ 0.001) on number of litters and number of offspring, respectively (F (1,24) ϭ 27.9; p Ͻ 0.001, effect of polyI:C; F (2,24) ϭ 19.9; p Ͻ 0.001, effect of genotype; F (2,24) ϭ 19.7; p Ͻ 0.001, effect of polyI:C ϫ genotype interaction). Disc1-L100P ϩ/Ϫ females treated by polyI:C at 5 mg/kg did not produce any pups, whereas no difference in the amount of offspring was seen between other experimental groups. We did not observe any pups or carcasses left in home cages with pregnant Disc1-L100P ϩ/Ϫ females treated by polyI:C at 5 mg/kg, whereas there was no difference in number of offspring/litter size between polyI:C-treated WT and Disc1-Q31L ϩ/Ϫ females. Therefore, we reduced the dose and used polyI:C at 2.5 mg/kg in Experiments 2 and 3.
Effects of MIA by polyI:C at 5 mg/kg on behavior of Disc1-Q31L ؉/؊ and WT offspring EPM MANOVA did not detect any effect of MIA, genotype, or their interactions on most of the studied parameters in the EPM (Table  1) . However, there was a main effect of genotype (F (1,34) ϭ 3.9, p Ͻ 0.05) and MIA ϫ genotype interactions (F (1,34) ϭ 9.2; p Ͻ 0.01) on risk assessment. Poly-5/Disc1-Q31L ϩ/Ϫ offspring scanned the EPM for potential threat more often than PBS/Disc1-Q31L ϩ/Ϫ mice ( p Ͻ 0.05; Fig. 1A ).
FST
There were no effects of MIA, genotype, or their interactions on duration of floating ( Fig. 1B; all ps Ͼ 0.05). Fig. 1C ), whereas no effect of MIA was observed on Disc1-Q31L ϩ/Ϫ mice (Fig. 2D) . MANOVA found significant effects of genotype ϫ MIA (F (5,255) ϭ 3.5; p Ͻ 0.01) and genotype ϫ MIA ϫ time interval (F (5,255) ϭ 5.9; p Ͻ 0.05) interactions on vertical activity. Poly-5/WT offspring had less ϩ/Ϫ offspring born to mothers injected with 5 mg/kg of polyI:C showed more frequent risk assessment in the EPM task (n ϭ 7-12 per each group) compared with WT mice, with no effect on the durationoffloatingintheFST(B)(nϭ7-17pereachgroup).MiceofbothgenotypesborntopolyI:C-treatedmothersshowedasignificantdeficitinexploration,assessedasverticalactivityintheOF(E,F),with mild effect on horizontal activity in WT offspring (C) and no effect on Disc1-Q31L ϩ/Ϫ mice (D)(n ϭ 10 -17 per each group). *p Ͻ 0.05; **p Ͻ 0.01 in comparison with control (offspring born to PBS-treated mothers) within each genotype. ϩ/Ϫ mice. Adult WT offspring of both genotypes born to mothers injected with 5 mg/kg of polyI:C expressed PPI deficits at 16 weeks but not at 8 weeks of age (A)(n ϭ 8 -19 per each group). Adult Disc1-Q31L ϩ/Ϫ offspring born to mothers either treated by polyI:C or PBS showed PPI deficits (n ϭ 9 -17 per each group). *p Ͻ 0.05; **p Ͻ 0.01, in comparison with control mice; # p Ͻ 0.05, in comparison with WT offspring born to PBS-treated dams. B, Adult mice of all experimental groups showed similar habituation to objects but immune-challenged offspring of both genotypes had spatial object recognition deficits; # p Ͻ 0.001, in comparison with the first time interval of the habituation within each experimental group (C). Mice of all experimental groups showed comparable novel object recognition (D) . N ϭ 6 -12 per each group; **p Ͻ 0.01; ***p Ͻ 0.001, compared with the time spent on either NDO or FO within each experimental group; # p Ͻ 0.01, compared with WT offspring born to PBS-treated dams. E, MIA by 5 mg/kg of polyI:C disrupted LI in both WT and Disc1-Q31L ϩ/Ϫ offspring. Mean suppression ratios of the PE and NPE mice conditioned with two conditioned stimulus-unconditioned stimulus trials and given 40 pre-exposures (N ϭ 6 -7 per each group). *p Ͻ 0.05; ***p Ͻ 0.001, in comparison with PE within each experimental group; # p Ͻ 0.05, in comparison with PE control mice for each genotype.
rearings than PBS-WT during the 15-30th minute of the test ( ps Ͻ 0.05 at 15-20th and 25-30th minute; p Ͻ 0.01 at the 20 -25th minute) (Fig. 1E) . Poly-5/Disc1-Q31L ϩ/Ϫ mice also had lower vertical activity from the 20 -30th minute (Fig. 1F ) .
PPI
MANOVA found a main effect of prepulses (F (2,198) ϭ 5.9, p Ͻ 0.05), age (F (1,99) ϭ 62.3, p Ͻ 0.001), MIA ϫ age (F (1,99) ϭ 5.3, p Ͻ 0.05), and MIA ϫ genotype ϫ age (F (1,99) ϭ 6.64, p Ͻ 0.05) interactions. PolyI:C given at 5 mg/kg to pregnant females had no effect on PPI of offspring of either genotype at 8 weeks of age, whereas MIA impaired PPI in WT offspring at all three prepulses ( ps Ͻ 0.05 at 69 and 73 dB and p Ͻ 0.01 at 81 dB) ( Fig. 2A) . PBS/Disc1-Q31L ϩ/Ϫ mice showed PPI deficits at 69 and 81 dB at 16 weeks of age ( ps Ͻ 0.05) in comparison with PBS/WT at 16 weeks of age, but MIA had no effect on PPI in Disc1-Q31L ϩ/Ϫ offspring ( Fig. 2A) . MANOVA did not detect any significant effect on startle response in mice of all experimental groups (Table 2) .
Object recognition MANOVA detected a main effect of time intervals (F (2,66) ϭ 82.7; p Ͻ 0.001) during the habituation session, but no effect of genotype, MIA, or any interactions (ps Ͼ 0.05). Mice in all experimental groups showed gradually declining interest toward objects during the acclimation period (Fig. 2B ). MANOVA found a significant effect of MIA (F (1, 33) 
LI
Animals in all experimental groups did not differ in the A period (ps Ͼ 0.05; overall A period ϭ 6.9 s). MANOVA found a main effect of pre-exposure (F (1,46) ϭ 28.3; p Ͻ 0.001), MIA (F (1,46) ϭ 8.3; p Ͻ 0.01), and MIA ϫ pre-exposure (F (1,46) ϭ 7.2; p Ͻ 0.01) interactions. PBS/WT and PBS/Disc1-Q31L ϩ/Ϫ offspring expressed LI (p Ͻ 0.001 and p Ͻ 0.05, respectively), whereas Poly-5/WT and Poly-5/ Disc1-Q31L ϩ/Ϫ showed impaired LI (both p's Ͼ 0.05) (Fig. 2E) .
Experiment 2
Behavioral effects of MIA by polyI:C at 2.5 mg/kg on Disc1-L100P ؉/؊ and WT offspring OF MANOVA detected significant effect of time intervals (F (5,255) ϭ 19.7; p Ͻ 0.001) on horizontal activity, but no other effects ( ps Ͼ 0.05). Indeed, mice of all experimental groups showed comparable ambulation in the OF, gradually decreasing their motor activity (Fig. 3 A, B) . However, MANOVA found a main effect of MIA (F (1,39) ϭ 8.3; p Ͻ 0.01) and MIA ϫ time intervals (F (5, 195) ϭ 2.5; p Ͻ 0.05) on vertical activity. Poly-2.5-WT and Poly-2.5-Disc1-L100P ϩ/Ϫ significantly reduced vertical activity within each genotype in comparison with corresponding control PBS groups ( p Ͻ 0.01 and p Ͻ 0.05 at 15-20th and 25-30th minutes for WT; and ps Ͻ0.05 and p Ͻ 0.01 at 15-25th and 25-30th minutes for Disc1-L100P ϩ/Ϫ animals, respectively) (Fig. 3C,D) .
Social affiliation/recognition
MANOVA found a main effect of MIA (F (1,44) ϭ 8.2; p Ͻ 0.01), effect of the stranger 1 (F (1,44) ϭ 142.9; p Ͻ 0.001), MIA ϫ genotype (F (1,44) ϭ 7.1; p Յ 0.01), and MIA ϫ stranger 1 (F (1,44) ϭ 10.6; p Ͻ 0.01) interactions on social affiliation. As can be seen in Figure 3E , PBS/Disc1-L100P ϩ/Ϫ offspring explored the empty cylinder more ( p Ͻ 0.01) and the cup containing stranger 1 ( p ϭ 0.072) in comparison with PBS/WT mice. PolyI:C given at 2.5 mg/kg did not affect social behavior in WT offspring. However polyI:C-2.5/Disc1-L100P ϩ/Ϫ mice showed lack of social interest to stranger 1, spending equal amounts of time on both sides of the social chamber. There was no effect of MIA, genotype, or their interactions on social recognition (all ps Ͼ 0.05); however, MANOVA detected a significant effect of stranger 2 (F (1,44) ϭ 188.8; p Ͻ 0.001). Indeed, mice of all experimental groups spent significantly more time near stranger 2 than familiar stranger 1 (Fig. 3F ) .
PPI
Based on the PPI findings from Experiment 2, we assessed PPI in mice at 16 weeks of age. MANOVA found a main effect of MIA (F (1,48) ϭ 5.3; p Ͻ 0.05), prepulse (F (2,96) ϭ 86.4; p Ͻ 0.001), genotype ϫ MIA (F (1,48) ϭ 4.7; p Ͻ 0.05), and MIA ϫ prepulse (F (2,96) ϭ 5.4; p Ͻ 0.01) interactions. PolyI:C given at 2.5 mg/kg did not alter PPI in WT offspring, whereas PolyI:C-2.5/Disc1-L100P ϩ/Ϫ animals showed PPI deficits at all three prepulses in comparison with PBS/Disc1-L100P ϩ/Ϫ mice ( p Ͻ 0.01at 69 dB; ps Ͻ 0.05 at 73 and 81 dB, respectively) (Fig. 4A) . MANOVA also found an effect of genotype (F (1,48) ϭ 10.7; p Ͻ 0.01) on startle response (Fig. 4B ), but no effect of MIA or their interactions.
Object recognition
There was an effect of time intervals during the habituation session (F (2,70) ϭ 76.5; p Ͻ 0.001) without any effects of MIA, genotype, or their interactions (Fig. 4C ). MANOVA found a main effect of MIA (F (1,35) ϭ 8.8; p Ͻ 0.01), DO (F (1,35) ϭ 109.4; p Ͻ 0.001), MIA ϫ genotype (F (1,35) ϭ 12.8; p Յ 0.01), and MIA ϫ DO (F (1,35) ϭ 7.2, p Ͻ 0.05) interactions. Control mice of both genotype distinguished spatial rearrangements and spent more time near DO than NDO (both ps Ͻ 0.01), whereas PolyI:C-2.5/Disc1-L100P ϩ/Ϫ offspring showed impaired spatial object recognition. Post hoc analysis revealed that PolyI:C-2.5/Disc1-L100P ϩ/Ϫ offspring had less exploration of the DO ( p Ͻ 0.01) in comparison with PBS/Disc1-L100P ϩ/Ϫ mice, and as a result spent equal amounts of time near both types of objects (Fig. 4D) . MANOVA found significant effect of NO (F (1, 35) ϭ 107.3; p Ͻ 0.001) and genotype ϫ NO interactions (F (1,35) ϭ 11.4; p Ͻ 0.05). Mice of all experimental groups preferred to explore NO rather than FO (Fig.  4E) . There was no difference in time spent near the NO between PBS/WT and PBS/Disc1-L100P ϩ/Ϫ animals ( p Ͼ 0.05), (Fig. 4F ) . PBS/Disc1-L100P ϩ/Ϫ as well as Poly-2.5/Disc1-L100P ϩ/Ϫ mice showed deficient LI (both ps Ͼ 0.05). 
01). Disc1-L100P
ϩ/Ϫ offspring of polyI:C-treated dams had worse PPI deficits compared with PBS/ Disc1-L100P ϩ/Ϫ mice at all three prepulses ( ps Ͻ 0.01 at 69, 73, and p Ͻ 0.05, at 81 dB). Coadministration of anti-IL-6 with polyI:C reversed the impaired PPI in Disc1-L100P ϩ/Ϫ offspring ( p Ͻ 0.001 at 69 dB, p Ͻ 0.01 at 73 dB, and p Ͻ 0.05 at 81 dB in comparison with poly-2.5/Disc1-L100P ϩ/Ϫ mice) (Fig. 5A) . MANOVA also found a main effect of genotype (F (1,39) ϭ 4.5; p Ͻ 0.05) and genotype ϫ MIA ϩ anti-IL-6 interaction (F (2,39) ϭ 5.9, p Ͻ 0.01) on ASR (Fig. 5B) . Anti-IL-6 ϩ Poly-2.5/Disc1-L100P ϩ/Ϫ mice had modestly increased ASR ( p ϭ 0.08).
LI
Mice of all experimental groups did not differ in the A period ( ps Ͼ 0.05; overall A period ϭ 8.1 s). MANOVA found a significant effect of pre-exposure (F (1,86) ϭ 30.3; p Ͻ 0.001), genotype (F (1,86) ϭ 13.1; p Ͻ 0.001), genotype ϫ MIA ϩ anti-IL-6 (F (2,86) ϭ 10.1; p Ͻ 0.001), and pre-exposure ϫ MIA ϩ anti-IL-6 (F (2,86) ϭ 8.2; p Ͻ 0.001) interactions. PBS/WT mice expressed LI as expected ( p Ͻ 0.001), whereas Poly-2.5/WT and Poly-2.5/ Disc1-L100P ϩ/Ϫ showed impaired LI, which was rescued by coadministration of anti-IL-6 with polyI:C ( p Ͻ 0.001 and p Ͻ 0.01, respectively) (Fig. 5C ).
Discussion
In this study we demonstrated that the behavioral effects of MIA can be modified by Disc1 gene polymorphisms in a mouse model. The Disc1-L100P Ϫ/Ϫ mutation produces schizophrenia-related behavioral, cellular, and biochemical phenotypes (Clapcote et al., 2007; Lipina et al., , 2012 , while the Disc1-Q31L Ϫ/Ϫ mutation results in a phenotype related to depression (Clapcote et al., 2007; Haque et al., 2012; Lipina et al., 2013a) . We found that polyI:C had a greater effect on maternal immune response and abnormal behavior in Disc1-L100P ϩ/Ϫ mutants compared with WT or Disc1-Q31L ϩ/Ϫ mice. This is significant because maternal infection in humans is a strong risk factor for schizophrenia but not depression. In particular, MIA by polyI:C at low doses aggravates PPI and LI deficits, and reduces social motivation and spatial object recognition in Disc1-L100P ϩ/Ϫ offspring but not in WT. IL-6 release is higher in Disc1-L100P ϩ/Ϫ fetuses than WT or Disc1-Q31L ϩ/Ϫ after polyI:C exposure. The effects of polyI:C on later PPI and LI could be blocked by anti-IL-6 antibody coinjected with polyI:C in Disc1-L100P ϩ/Ϫ offspring, further supporting the crucial role of IL-6 in the mechanisms of MIA-induced neurodevelopmental abnormalities (Smith et al., 2007) . Strikingly, MIA with 5 mg/kg of polyI:C inDisc1-L100P
ϩ/Ϫ dams resulted in no offspring. The same dose of polyI:C had no effect on the number of offspring born to WT and Disc1-Q31L ϩ/Ϫ females. No miscarriage or aborted fetuses were detected in the Disc1-L100P ϩ/Ϫ dams given 5 mg/kg of polyI:C. A limitation of the present study is that we used Disc1-Q31L ϩ/Ϫ and Disc1-L100P ϩ/Ϫ dams, mated with WT males, but not WT females mated with Disc1 mutant male mice. Thus, the MIA could interact with maternal genotype, in addition to fetal genotype, to affect the outcome in adult offspring. As an animal model for the interaction between genetic susceptibility and maternal infection in schizophrenia, both mating approaches would be informative, since both parents may carry genetic variants predisposing to schizophrenia.
The increased level of IL-6 detected in Disc1-L100P ϩ/Ϫ fetuses in response to polyI:C, especially at 5 mg/kg, likely reflects a more pronounced maternal inflammatory response in Disc1-L100P ϩ/Ϫ dams that could explain the lack of live pups in this group. There is evidence that elevated IL-6 is involved in infertility, recurrent miscarriage, pre-eclampsia, and preterm delivery (Prins et al., 2012) . Possible mechanisms include inhibition of CD4ϩ T regulatory cell production by elevated IL-6 (Bettelli et al., 2006) , which affects immune tolerance of pregnancy. Termination of pregnancy by immune mechanisms has been reported in humans (Salmon, 2004) , further supporting our observations.
In contrast, the effects of MIA on Disc1-Q31L ϩ/Ϫ mice were similar to WT mice, indicating the lack of interaction between MIA and Disc1-Q31L genotype. Both WT and Disc1-Q31L ϩ/Ϫ mice born to polyI:C-treated mothers had deficits in exploratory behavior and mild hyperactivity, consistent with previous reports (Shi et al., 2003; Meyer et al., 2005; Smith et al., 2007; Abazyan et al., 2010; Ibi et al., 2010; Vuillermot et al., 2012) . The same decrease of rearing behavior was detected in WT and Disc1-L100P ϩ/Ϫ offspring born to mothers treated with 2.5 mg/kg of polyI:C. Such reduced exploratory activity could be attributed to higher anxiety as suggested (Shi et al., 2003) . Indeed, Disc1-Q31L ϩ/Ϫ offspring showed behaviors consistent with increased anxiety in the EPM. However, MIA had no effect on EPM behavior in ϩ/Ϫ (data not shown), which is in agreement with other studies (Meyer et al., 2005; Abazyan et al., 2010) .
Because the Disc1-Q31L mutation causes depression-like behavioral changes, we used the FST, which is commonly used to screen antidepressant medication effects (Cryan and Holmes, 2005) . Heterozygous Disc1-Q31L ϩ/Ϫ mice do not have an abnormal FST (Clapcote et al., 2007) , but we sought to test whether the additional insult of exposure to prenatal maternal inflammation would affect the FST. We did not see an interaction between MIA and the Disc1-Q31L ϩ/Ϫ , which is congruent with the lack of association between maternal infection in humans and depression in the offspring (Pang et al., 2009 ). Similar behavioral effects were seen in polyI:C-treated mothers of WT and Disc1-Q31L ϩ/Ϫ off- ϩ/Ϫ offspring born to PBS-treated females. N ϭ 8 -9 per group (C). Mean suppression ratios of the PE and NPE mice conditioned with two conditioned stimulus-unconditioned stimulus trials and given 40 pre-exposures (N ϭ 6 -9 per each group). **p Ͻ 0.01; ***p Ͻ 0.001, in comparison with PE within each experimental group. spring on PPI, spatial object recognition, and LI, which is consistent with previous reports of MIA effects on schizophrenia-and autism-related behavioral phenotypes (Patterson, 2009 ) and disruptions in brain dopamine, GABA, and glutamate systems (Zuckerman et al., 2003; Meyer and Feldon, 2009; Vuillermot et al., 2010) .
In addition to the main finding that MIA affected Disc1-L100P ϩ/Ϫ mutants more than the Disc1-Q31L ϩ/Ϫ or WT mice, we found that the effect of polyI:C on PPI was age and dose dependent. PolyI:C given at 5 mg/kg but not at 2.5 mg/kg to pregnant females induced PPI deficits in WT offspring, confirming previous reports (Meyer et al., 2005; Vuillermot et al., 2012) . Importantly, sensorimotor gating was impaired at 16 weeks of age mice, but not at 8 weeks of age, supporting the importance of development of the effects of polyI:C . The delayed onset of MIA effects could be useful in testing potential early interventions to prevent schizophrenia Piontkewitz et al., 2011 Piontkewitz et al., , 2012 , which is a major clinical priority (Insel, 2010) . We recently reported that the emergence of abnormal behaviors in Disc1-L100P Ϫ/Ϫ mutants could be prevented by valproic acid (Lipina et al., 2012) . PolyI:C at both studied doses disrupted LI in WT offspring, supporting previous reports on C57BL/6 mice (Meyer et al., 2005; Smith et al., 2007) . The LI paradigm is based on the phenomenon of reduced conditioning after stimulus pre-exposure and measures the ability to ignore irrelevant stimuli. LI is disrupted in acute episodes of schizophrenia (Gray et al., 1992) and by amphetamine in rodents (Weiner et al., 1988; .
Given the prominent role of dopamine in psychopathology of schizophrenia, a wide range of studies has shown that prenatal immune activation increases tyrosine hydroxylase (Borrell et al., 2002) , elevates dopamine and its metabolite levels in the nucleus accumbens of rats (Romero et al., 2007) and mice (Meyer et al., 2008) , and increases striatal dopamine with reduced binding of D2 receptors (Ozawa et al., 2006) . Such imbalance in the mesolimbic dopamine systems may explain disrupted LI and other schizophrenia-related behavioral phenotypes due to polyI:C exposure (Meyer and Feldon, 2009) . Notably, MIA in Disc1-L100P ϩ/Ϫ offspring impaired LI due to deficient fear memory in NPE animals. A similar impairment of contextual fear memory was also observed in DN-DISC1 mutant offspring born to polyI: C-treated dams, which correlated with increased BrdU ϩ cells in the granule cell layer of the hippocampus (Ibi et al., 2010) . Thus, impaired hippocampal function might partially explain the defi-
ϩ/Ϫ offspring also demonstrated spatial object recognition deficits, which relies on intact hippocampal function (Roullet et al., 2001) . In contrast to the findings of Ibi et al. (2010) and Ito et al. (2010) , novel object recognition was not affected by either Disc1 mutation or MIA in our experiments. A small reduction of novel object exploration was detected in Poly-2.5/Disc1-L100P ϩ/Ϫ animals (Fig. 4) . This discrepancy might be due to differences between the transgenic dominant-negative Disc1 mouse and our point mutant Disc1 mouse. There were also differences in the behavioral protocols. Our procedure assessed spatial and novel object recognition on the same day, after a short time interval, whereas Ibi et al. (2010) tested only novel object recognition after an interval of 1 h. Ito et al (2010) employed a protocol without standard habituation to objects and used different time intervals to assess spatial object location (24 h) and novel object recognition (5 min).
Social dysfunction is an important component of schizophrenia, so we assessed social interest and recognition in our mouse model. The social affiliation test measures preference for another mouse over an empty chamber, while the social recognition test assesses preference for a novel versus familiar mouse. The affiliation session estimates social motivation, whereas the recognition session reflects social memory and capacity to discriminate a socially novel stimulus (Brodkin et al., 2004; O'Tuathaigh et al., 2007) . We found a specific deficit in social motivation, rather than social recognition in Poly-2.5/Disc1-L100P ϩ/Ϫ mice, which correlates with their intact novel object recognition. Another genetic mutant mouse model for schizophrenia, Grin1 D481N , also shows a similar behavioral profile in these two tasks (Labrie et al., 2008) .
The main finding is that MIA interacts with the Disc1-L100P mutation that causes abnormalities related to schizophrenia, with no interaction with the Disc1-Q31L mutation. Thus, our results indicate that a specific combination of genetic and environmental factors can disrupt brain development to cause behavioral abnormalities. Similar gene ϫ environment interactions have been reported in other mutants, including DN-DISC1 (Ibi et al., 2010) , hmDISC1 (Abazyan et al., 2010) , Nurr1 ϩ/Ϫ (Vuillermot et al., 2012) , and Tsc2 ϩ/Ϫ (Ehninger et al., 2012) . Given that schizophrenia is associated with multiple genes, the polyI:C approach could be used to model the effects of maternal infection on many genetic risk factors.
IL-6 appears to be crucial for mediating the effects of MIA on fetal brain development. We found that polyI:C led to a marked increase in IL-6 in a dose-and genotype-dependent manner with a comparable basal level between the genotypes. Most notably, we found that Disc1-L100P ϩ/Ϫ fetuses showed much higher IL-6 levels after MIA with polyI:C at 2.5 mg/kg than WT and Disc1-Q31L ϩ/Ϫ mice. Anti-IL-6 antibodies were effective in preventing the adverse effects of polyI:C exposure, confirming the importance of IL-6 in the pathophysiology of MIA. A recent study (Garbett et al., 2012) detected overexpression of the crystalline gene family in the embryonic brain induced by three different types of MIA: influenza virus, polyI:C, and IL-6, suggesting a common cascade of events induced by these environmental insults.
How the Disc1-L100P mutation interacts with MIA is not clear, given the complexity of DISC1 interactome (Camargo et al., 2007) . However, it is possible to speculate about potential mechanisms. First of all, the Disc1-L100P mutation increases GSK-3 activity , which is a key regulator of the inflammatory response . Increased GSK-3 activity was also detected in immune-challenged hmDISC1 newborn offspring (Abazyan et al., 2010) . Hence, the increased GSK-3 activity induced by Disc1-L100P mutation could alter the immune response, including IL-6 release, and in turn increase the reactivity of glial cells (Eskes et al., 2002) . Our recent study showed that the Disc1-L100P mutation increased astroglial numbers near the subventricular zone of the brain via overexpression of lcn2 (Lipina et al., 2012) , a newly detected gliotransmitter . Moreover, immune stimulation by the endotoxin LPS increased the expression of lcn2 in vitro , indicating the important role of lcn2 in polyI:C-induced pathogenic mechanisms. Indeed, MIA in rodents (Borrell et al., 2002; Fatemi et al., 2002 Fatemi et al., , 2004 Samuelsson et al., 2006) resulted in increased numbers and activation of astrocytes and microglia in the brain. Astrocytes and microglia are the main sources of cytokine production in the CNS (Benveniste, 1998) , and glia are important in the formation of dopaminergic (Tai et al., 2007) and glutamatergic (Wolosker, 2011) systems. Future studies could explore the role of glial-neuronal interactions in response to immune activation and how this might affect early brain development.
In conclusion, the present study identified specific interactions between discrete genetic (Disc1-L100P ϩ/Ϫ ) and environmental (MIA) factors that exacerbate schizophrenia-related phenotypes with no interactions between Disc1-Q31L ϩ/Ϫ and MIA to trigger depression-related phenotypes. Hence, the present MIA ϫ Disc1-L100P ϩ/Ϫ model may be a helpful tool for future studies to understand how prenatal infections can increase the risk for such brain disorders as schizophrenia.
